Introduction
Homologous recombination processes are important for eukaryotic organisms not only to create diversity and to ensure proper segregation of chromosomes during meiosis, but also during the mitotic life cycle in order to repair DNA damage (Kucherlapati and Smith, 1988) . Recombinational repair can be triggered by DNA damage occurring spontaneously or when introduced by external agents, e.g. by ionizing radiation. In mitotically growing cells recombination processes are frequently associated with DNA replication in order to allow the bypass of unrepaired lesions, and to repair double-strand breaks (DSBs) generated at replication forks passing a single-strand break (Cox, 1997; Haber, 1999) . Due to this vital function of recombination processes during the normal life cycle of cells, the lack of the central enzyme function causes high mortality rates in E. coli devoid of RecA (Roca and Cox, 1990) , an early embryonic lethal phenotype of mice nullizygous for rad51 (Lim and Hasty, 1996; Tsuzuki et al., 1996) , or results in an extreme sensitivity towards ionizing radiation and methyl methanesulfonate (MMS), as observed with S. cerevisiae cells carrying mutations in rad51 (Game and Mortimer, 1974; Shinohara et al., 1992) .
In E. coli RecA is sucient to exert ATP-dependent homologous pairing and strand exchange over a distance of 6 kb (Roca and Cox, 1990; Kowalczykowski, 1991; Radding, 1991; West, 1992) . The eukaryotic counterpart of RecA, the Rad51 protein, was biochemically characterized both from yeast (Sung and Robberson, 1995) and from man (Baumann et al., 1996; Gupta et al., 1997 Gupta et al., , 1999a Baumann and West, 1999) . Like RecA also human Rad51 (hRad51) binds to single-and double-stranded DNAs (ssDNA and dsDNA), assembles cooperatively into helical nucleoprotein ®laments, synapses ssDNA with homologous dsDNA, and catalyzes strand exchange. However, hRad51 hydrolyzes ATP and promotes strand exchange at least 10-fold less eciently than RecA, so that the length of heteroduplex DNA formed is limited to 1.3 kb (Baumann and West, 1999) . Rad51 fails to generate stable joint molecules in the absence of ATP, although it still binds cooperatively and with high anity to DNA and can renature complementary DNA strands (Baumann et al., 1996; Gupta et al., 1997; Kelley De Zutter and Knight, 1999) . Opposite to the polarity of the bacterial recombinase, hRad51 seems to preferentially start transfer at the 5' end of the linear duplex (Sung and Robberson, 1995; Baumann et al., 1996; West, 1997, 1999) . To compensate for the reduced ability of Rad51 to promote extensive strand exchange, it collaborates with the single-stranded DNA-binding protein, which in eukaryotes is known as replication protein A (RPA), and with other members of the Rad52 epistasis group (Kanaar and Hoeijmakers, 1998) . RPA seems to remove secondary structures from the ssDNA. Rad52 interacts with resected DSBs (Van Dyck et al., 1999) and with hRad51 (Shen et al., 1996) to increase the cooperativity of hRad51 to bind to ssDNA. Rad54 seems to alter the conformation of dsDNA and to interact with Rad51 such that the separation of DNA strands and consequently the Rad51-dependent formation of heteroduplexes is facilitated (Petukhova et al., 1999) .
The products of the two major hereditary breast cancer susceptibility genes, BRCA1, and BRCA2 form a biochemical complex with hRad51 (Scully et al., 1997; Marmorstein et al., 1998; Chen et al., 1998) . BRCA1 seems to function in cell-cycle control as a transcriptional transactivator. In addition, it channels DSB repair into the homologous recombination pathway, thereby avoiding mutagenic end-joining events (Moynahan et al., 1999 and references therein) . Interestingly, the embryonic lethal phenotype of mice carrying a homozygous mutation either in rad51, in BRCA1, or in BRCA2 can be partially suppressed by a mutation in the gene encoding the tumor suppressor p53 (Lim and Hasty, 1996; Hakem et al., 1997; Ludwig et al., 1997) . In addition to these genetic links, physical interactions between p53 and hRad51 (StuÈ rzbecher et al., 1996) , between p53 and BRCA1 Zhang et al., 1998) , between p53 and BRCA2 (Marmorstein et al., 1998) , and between p53 and RPA (reviewed in Wold, 1997) were reported to exist. p53 is known to accumulate and to become activated in response to DNA damage in order to exert its functions as a cell cycle regulatory protein via its transcriptional activities (reviewed in Lane, 1992; Vogelstein and Kinzler, 1993) . Accumulating evidence suggests that activities of p53 in DNA repair contribute to its functions in genome stabilization (reviewed in Janus et al., 1999a) . Several studies pointed towards a role of p53 in nucleotide excision repair possibly via interactions with the helicase subunits of the dual transcription/nucleotide excision repair factor TFIIH (Smith et al., 1995; Wang et al., 1995; Leveillard et al., 1996; Mirzayans et al., 1996; Ford and Hanawalt, 1997) or indirectly by suppressing a recombinational repair bypass mechanism (Ishizaki et al., 1994; Cleaver et al., 1999) . During the last years, it was reported from dierent laboratories that p53 inhibits spontaneous homologous recombination events in mitotically growing cells (WiesmuÈ ller et al., 1996; Bertrand et al., 1997; Mekeel et al., 1997; DudenhoÈ er et al., 1998) . Importantly, this genome stabilizing function is unrelated to transcriptional or cell-cycle regulatory activities of p53, and must be considered an independent activity, which contributes to tumor suppression (Saintigny et al., 1999; DudenhoÈ er et al., 1999) .
Homologous recombination can be a source of detrimental genome rearrangements, when imperfectly homologous regions are involved. Erroneous exchange events give rise to deletions, duplications, contractions, and expansions of tandem repeat sequences (reviewed in Belmaaza and Chartrand, 1994) , which can lead to tumor development. The activity of the mismatch repair system has been shown to inhibit recombination between diverged sequences (reviewed in Modrich and Lahue, 1996) . In our previous work, we suggested that p53 is a key factor of a similar control mechanism to ensure the ®delity of recombination (DudenhoÈ er et al., 1998) . According to these data, p53 inhibits homologous recombination in primate cells, especially when A-G and C-T mismatches are generated on heteroduplexes after strand exchange. Additionally, p53 shows high binding anities in vitro for 3-stranded recombination intermediates, especially when encompassing these mispairings. Concerning the structural prerequisites for the execution of recombination control (DudenhoÈ er et al., 1999) we were able to demonstrate that p53 must be intact within its central DNA-binding and 3' ± 45' exonuclease domain (Vogelstein and Kinzler, 1993; Cho et al., 1994; Mummenbrauer et al., 1996; Janus et al., 1999b) and within its C-terminally neighboring oligomerization domain Wang et al., 1993 Wang et al., , 1994 Waterman et al., 1995) . The extreme C-terminus, executing unspeci®c DNA-binding, reannealing, and strand transfer activities (Oberosler et al., 1993; Brain and Jenkins, 1994; Bakalkin et al., 1994) , is dispensable for recombination suppression and 3-stranded junction DNA-binding by p53, but mediates the mismatchdependent stimulation of the basal activity.
In this work we tested the hypothesis that p53 monitors nascent heteroduplexes for the appearance of base mispairings in immediate contact with the initial strand transferase hRad51. Furthermore, we analysed a possible link between p53-dependent regulation of recombination processes and exonucleolytic attack of DNA. Using wild-type p53 or mutant p53(273H) proteins in the presence of hRad51 we studied nuclease activities during strand transfer reactions and complex formation on DNA recombination intermediates.
Results
Effect of hRad51-mediated strand exchange on the exonuclease activity associated with p53
Recently, we established a functional link between the recognition of heterologies on recombination intermediates and the inhibition of homologous recombination processes by wild-type p53 (DudenhoÈ er et al., 1998 (DudenhoÈ er et al., , 1999 . Given that Rad51 represents the initial strand transferase in eukaryotes (Benson et al., 1994; Sung and Robberson, 1995; Gupta et al., 1997) we studied strand exchange by human Rad51 (hRad51) in the presence or absence of human p53. Both hRad51 expressed in E. coli and p53 expressed in insect cells were puri®ed to homogeneity by chromatographic procedures (Benson et al., 1994; Mummenbrauer et al., 1996) . As p53 binds to early recombination intermediates, we focused on the early phase of DNA exchange by use of oligonucleotide substrates, similar to the assay system described by Gupta et al. (1997) . We included an unlabeled ssDNA component, the 67-mer oligonucleotide 1, and the homologous 32 P-labeled duplex into the reaction mixtures. To avoid eects related to changes in protein concentrations we added excess BSA to each reaction mixture. The displacement of radioactively labeled ssDNA was monitored by polyacrylamide gel electrophoresis. Over a period of 1 ± 2 h at 378C 10 ± 20% of the 32 P-labeled oligonucleotide 1 were displaced from the labeled duplex substrate by hRad51 (Figure 1a , lanes 6 ± 8). This represents a strand transfer activity which was expected from the GC content of about 40% (Gupta et al., 1999b) . Spontaneous release was negligibly low (Figure 1a , lanes 4 and 5). Release by hRad51 was not seen with 32 P-labeled duplex only (lane 2) excluding the possibility that these dierences were due to a contaminating helicase. When immunopuri®ed human p53 was included instead, 70% of the 32 P-labeled DNA molecules were degraded within 120 min ( Figure 1a , lanes 9 ± 11). This observation is consistent with the ®nding that p53 proteins, highly puri®ed from dierent sources, exert 3' ± 45' exonuclease activity in the presence of Mg 2+ ions (Mummenbrauer et al., 1996) . Surprisingly, hRad51 raised the amount of DNA nucleolytically attacked by p53 up to 90% ( Figure  1a , lanes 12 ± 14). This stimulatory eect was not restricted to the experimental setup displayed in Figure  1a , in which the duplex molecule was the labeled substrate, but became equally apparent for strand transfer reactions in the opposite direction ( Figure 1b) . Substrate removal was not seen with hRad51 alone (Figure 1a ± d) indicating that these dierences were not due to a contaminating nuclease. From ®ve independent experiments, the hRad51-dependent enhancement of the initial phase of p53-mediated substrate removal (530% of total DNA degraded) was calculated to be threefold (+1). To understand, whether the generation of certain reaction intermediates by hRad51 was underlying the stimulatory eect on the exonuclease, we challenged labeled ssDNA or dsDNA alone, in the absence of the respective DNA exchange partner, under the conditions of strand exchange. The inclusion of p53 at dierent protein concentrations resulted in a dosedependent removal of the input DNAs (Figure 1c,d ). Concomitant inclusion of hRad51, did not alter the degradation pattern signi®cantly. To test the possibility, if strand transfer in general stimulates the exonuclease activity associated with wild-type p53, we analysed reactions relying on an enzyme which originates from a more distantly related organism, namely RecA from E. coli. As depicted in Figure 1e , nucleolytic removal of strand exchange substrates was slightly accelerated by catalytically active RecA enzyme. This eect was also seen in strand transfer reactions with radioactively labeled single-stranded and unlabeled double-stranded substrates (not shown). To P labeled oligonucleotide 1 and nonradioactive oligonucleotide 2 (*2s) and singlestranded unlabeled oligonucleotide 1 (1s). Control reactions lack unlabeled single-stranded oligonucleotides (lanes 1 ± 3). The appearance of labeled ssDNA results from strand displacement during strand transfer. hRad51 was included at a concentration of 20 nM (lanes 2, 6 ± 8, 12 ± 14), immunoanity puri®ed human wild-type p53 at 2 nM (lanes 3, 9 ± 14). (b) Strand transfer reactions were performed with 5'-32 P labeled oligonucleotide 1 and unlabeled homologous duplex DNA for 30 min. Protein concentrations were constant for hRad51 (20 nM; lanes 1, 7 ± 9) and for SSB (20 nM; lanes 3, 10 ± 12), and increasing for p53 (1, 3 and 30 nM; lanes 4 ± 6, 7 ± 9, 10 ±12). The accumulating ®nal degradation products of 3 nucleotides (3nts) are marked (Mummenbrauer et al., 1996; Jean et al., 1997) . (c) In control reactions, 5'-32 P labeled oligonucleotide 1 without duplex DNA was incubated under strand transfer conditions. Protein concentrations were the same as in (b). The removal of full-length substrate DNA indicates exonuclease activity by p53. (d) Controls with labeled duplex DNA were performed as with oligonucleotide 1 in (c). (e) Strand transfer mixtures with RecA and SSB were prepared as for (a), and incubated for 60 min at 378C. Where indicated, p53 protein was included at concentrations of 14 nM and 28 nM (lanes 4 ± 7, 9 and 10), RecA at 250 nM (lane 1), 500 nM (lanes 2, 6 and 7) and 1000 nM (lane 3), SSB at 250 nM (lanes 8 ± 10) p53 and hRad51 in recombination S Su Èûe et al exclude the possibility that hRad51 or RecA were stimulatory to exonucleolytic degradation by puri®ed p53 because of their DNA-binding properties, we tested the in¯uence of the ssDNA-binding protein (SSB) from E. coli. As depicted in Figure 1b ,e, there was no increase of the p53-mediated DNA substrate removal by SSB. Instead we noticed an up to fourfold inhibition, which might be explained by a competition for DNA.
Heteroduplex joints as substrates for the nuclease activity of p53
Starting from the observation that p53 nucleolytically degrades DNA involved in exchange processes, we investigated, whether arti®cially generated joint molecules represent substrates for the exonuclease. Comparing the degradation eciency of ssDNA versus dsDNA in the presence of p53 (Figure 1c,d) showed that ssDNA disappears faster than dsDNA. Therefore, we analysed substrate speci®cities in competition assays by including constant amounts (50 nM) of either ssDNA, namely`top'-oligonucleotide, or of 3-stranded junction DNA to the reaction mixtures with 3'-labeled poly(-dA)´(dT) 20 -3 H-dT at approximately 50 nM. The loss of 3'-label after the addition of wild-type p53 was followed over 30 min and is diagrammatically shown for one representative experiment in Figure 2a . Evaluating the initial rates from individual reactions showed that in this assay single-stranded`top'-oligonucleotide competed with the degradation of 3 Hlabeled DNA twofold, whereas 3-stranded junction DNA competed 10-fold, i.e. ®vefold better than ssDNA.
p53 has been described to exonucleolytically degrade ssDNA in a 3' ± 45' orientation up to 3-mer end products (Mummenbrauer et al., 1996; Jean et al., 1997; Huang 1998 ). To unequivocally demonstrate exonuclease activity directed towards 3-stranded junction DNAs and to determine the directionality, we prepared substrate DNAs, which were either 32 Plabeled at the 5'-end (Figure 2b ) or at the 3'-end of the`top'-oligonucleotide (Figure 2c) , and analysed the p53-dependent degradation pattern by denaturing polyacrylamide gel electrophoresis. As can be seen in Figure 2b , 5'-labeled`top'-oligonucleotide, as ssDNA or as top strand within 3-stranded joint molecules, was degraded one nucleotide after the other starting from the 3'-end. This polarity was con®rmed with 3'-labeled substrate, which was converted into labeled nucleotide. As part of the 3-stranded DNA structure the 3'-end of the`top'-oligonucleotide forms a duplex-terminus of 25 ± 39 nucleotides with 5'-terminal nucleotides of thè central'-oligonucleotide. Full-length`top'-oligonucleotide disappeared faster during an incubation period of 30 min, when it was present within 3-stranded joint molecules ( Figure 2b , lanes 3 and 5). This eect could be enhanced, when 3-stranded DNA with perfectly matching termini was substituted by 3-stranded DNA comprising an A ± G mismatch within the base-paired region of the`top'-oligonucleotide ( Figure 2b , lanes 5 and 7). Exonuclease measurements by native polyacrylamide gel electrophoresis and PhosphorImager evaluation of the remaining full-length substrate DNA, quantitatively con®rmed the faster removal of A ± G mismatch containing substrates (Figure 2d ,e). The preference for A ± G mismatch exonuclease substrates is consistent with previous binding studies utilizing wild-type p53 of murine origin (DudenhoÈ er et al., 1998) and with K D measurements for human wild-type p53 (this study) utilizing match (6610 711 +1) and A ± G mismatch substrate (1610 711 +1). With hRad51 we did not observe a signi®cant enhancement of the exonucleolytic activity with preformed 3-stranded junction DNAs in ®ve independent experiments. This suggests that the stimulatory eect during strand exchange is caused either by the generation of the preferred exonuclease substrate or/and by dynamic interactions during the strand transfer process. Preformed junction DNAs represent frozen intermediates of the DNA exchange process (DudenhoÈ er et al., 1998), which do not allow further strand exchange by the recombinase.
Previous experiments on the exonuclease activity associated with p53 showed a defectiveness for mutant p53(273H) (Mummenbrauer et al., 1996) . In agreement with this ®nding we were unable to measure exonucleolytic degradation of 3-stranded junction DNAs by this mutant for reaction times up to 45 min, when using match substrate and the protein at a concentration, which is sucient for wild-type p53 to digest approximately 15% of the labeled DNA ( Figure 2e ). However, when using mismatch substrate or higher p53(273H) concentrations, we noticed residual exonuclease activity with p53(273H), namely a 10-fold reduced activity in comparison to wild-type p53.
Formation of ternary hRad51-p53-DNA complexes on 3-stranded junctions
Since the formation of joint molecules by hRad51 appears to stimulate exonucleolytic DNA degradation by p53 protein preparations, we asked, whether hRad51 and p53 act on the same strand transfer intermediate. We subjected the two recombinant proteins to electrophoretic mobility shift assays with 32 P-labeled 3-stranded junction DNAs mimicking early recombination intermediates (DudenhoÈ er et al., 1998) . Even without glutaraldehyde ®xation of newly formed complexes we observed stable interactions of hRad51 with these joint molecules (10 nM de®ned in nucleotides) at protein concentrations above 10 ± 60 nM, depending on the individual protein preparation. With increasing protein concentrations hRad51-DNA complexes changed from electrophoretically fast migrating types to larger oligomers ( Figure 3a ). When we compared binding of hRad51 to strand transfer intermediates versus single-stranded substrates, equivalent complexation required twofold higher protein concentrations for ssDNA ( Figure 3a , lanes 2 and 3 vs 7 and 8). Human p53 stably interacts with the same 3-stranded DNA structures within dimers and tetramers at a protein concentration as low as 2 nM (Figure 4a ), but does not form speci®c complexes with the respective ssDNA or dsDNA components (DudenhoÈ er et al., 1998) . The inclusion of p53 into mixtures of 3-stranded junction DNAs and hRad51 resulted in the formation of larger complexes suggesting concomitant DNA-binding by hRad51 and by p53 (Figure 3b, lanes 1 ± 4) . In contrast, when we co-incubated SSB from E. coli (Figure 3b , lanes 5 ± 7) with DNA and p53 or with DNA and hRad51, we did not notice a further retardation of p53-or hRad51-protein-DNA complexes. Rather, we saw weaker interactions of these proteins with junction DNAs.
Interactions of p53(273H) with 3-stranded junction DNAs
In our preceding work we reported that the cancerrelated p53 mutant p53(273H) displays a severely reduced capacity to inhibit homologous DNA exchange processes (DudenhoÈ er et al., 1999). This mutant possesses wild-type p53 conformation (Ory et al., 1994) , but is devoid of arginine 273, which contacts the phosphate backbone of DNA according to the crystal structure of p53 bound to double-stranded consensus sequence DNA (Cho et al., 1994) . We wanted to check, whether this amino acid exchange aects the recognition of recombination intermediates. The electrophoretic mobility shift assay depicted in Figure 4a demonstrates that eightfold higher protein concentrations of p53(273H) are needed to support binding to junction DNAs to an extent, which is comparable to the wild-type counterpart. P-labeled single-stranded (1s; lanes 2 and 3) and 3-stranded DNAs with (3s-AG; lanes 6 and 7) or without (3s; lanes 4 and 5) an A ± G mismatch (1 nM each) were incubated with 10 nM p53 at 378C for the indicated times. Degradation products of the labeled`top'-oligonucleotide strands with initially 66 nucleotides (66 nts) were analysed by 15% polyacrylamide/7 M urea gel electrophoresis and autoradiography. The ®nal degradation products of three nucleotides (3nts) are marked. The dierent types of DNA substrates are schematically drawn. The 32 P-labeled terminus of the`top'-oligonucleotide is characterized by an asterisk, the position of the mismatch within the heteroduplex between the`top'-and the`central'-oligonucleotide by a triangle. (c) 3-stranded DNA with an A ± G mismatch comprising 3'-32 P-labeled top'-oligonucleotide (3s-AG) was incubated with (lanes 3 and 4) or without p53 (lanes 1 and 2) as in (b). The products of exonucleolytic cleavage from the 3'-end, namely 32 P-labeled nucleoside monophosphates (1nt), are marked. (d) 32 P-labeled 3-stranded match (indicated by two parallel lines) and 3-stranded A ± G mismatch junction DNA substrates (indicated by two parallel lines with a triangle) were applied to exonuclease assays at room temperature for 60 min with wild-type p53 (2 nM; lanes 3 ± 6) and electrophoresed in a native polyacrylamide gel. Exonucleolytic removal was dependent on the addition of 5 mM MgCl 2 (lanes 5 and 6). Black arrows together with schematic illustrations mark the positions of the 3-stranded DNA substrates and of the accumulating ®nal degradation products of three nucleotides (3nts). The 32 P-labeled 5' terminus within the junction DNA is characterized by an asterisk. (e) Exonuclease assays using labeled 3-stranded match (3s) and 3-stranded A ± G mismatch (3s-AG) junction DNAs with wild-type p53 (wt) and mutant p53(273H) [273] protein were performed as in (d). PhosphorImager analysis was applied to quantify the amounts of full-length input DNAs remaining after incubation periods of 15, 30, 45, and 60 min. Exonuclease activities are given in per cent degraded DNA and represent the mean values of three independent measurements each p53 and hRad51 in recombination S Su Èûe et al
Next, we used mutant protein p53(273H) to analyse interactions with complexes of 3-stranded DNA and hRad51. In the experiment illustrated in Figure 4b we monitored the formation of DNA complexes by varying the order in which the protein components were added to the reaction. The results demonstrate that for wild-type p53 ternary hRad51-p53-DNA complexes were formed most eciently after a preincubation step of DNA and hRad51. Ternary complexes were formed both on ice (Figures 3b and  4c ) and at room temperature in the presence of ATP and Mg 2+ (Figure 4b ), which are known to stabilize the secondary structure of Rad51 at elevated temperatures (Namsarev and Berg, 1998) . In contrast, p53(273H) at the same concentration did neither support DNAbinding nor ternary complex formation (Figure 4b , lanes 3 ± 5). Therefore, we employed higher amounts of p53(273H), which from the titration analysis in Figure  4a were predicted to promote stable interactions with joint molecules. Even under these conditions we observed only a weak association of p53(273H) with preassembled hRad51-DNA complexes (Figure 4c , lane 12). High concentrations of p53(273H) still allowed complex formation with junction DNAs, when hRad51 was added together with or after p53(273H) to the DNA mixture (lanes 11 and 13), which argues against a mere competition for DNA. Thus, the presence of hRad51 at heteroduplex joints seems to enhance ternary complex formation with wild-type p53 but not with p53(273H).
Discussion
The results presented in this paper establish that functional interactions between hRad51 and p53 exist in vitro during the formation of heteroduplex joints by hRad51 and extend previous reports on genetic and physical links between these proteins (StuÈ rzbecher et al., 1996; Lim and Hasty, 1996) . Our observations provide new support for a model of p53-mediated recombination regulation, and suggest a possible role of the 3' ± 45' exonuclease activity associated with p53 in the dissolution of strand exchange intermediates with mispaired bases.
hRad51-mediated strand exchange stimulates the exonuclease activity associated with p53
Recently, we proposed that p53 controls the ®delity of homologous recombination by interfering with DNA exchange processes which create certain mispairings (DudenhoÈ er et al., 1998) . Biochemical studies (Mummenbrauer et al., 1996; Jean et al., 1997; Huang, 1998; Janus et al., 1999b) provided evidence for a 3' ± 45' exonuclease activity intrinsic to p53, which might have functions in ®delity control of DNA replication or in DNA repair. In the analysis presented here, we carried out hRad51-dependent strand exchange reactions, to analyse functional interactions with p53. Short oligonucleotide substrate DNAs allowed us to concentrate on the initial steps of homology recognition and strand invasion, for which hRad51 is essential and sucient (Benson et al., 1994; Sung and Robberson, 1995; Gupta et al., 1997) , and which create heteroduplex joints recognized by p53 (DudenhoÈ er et al., 1998 (DudenhoÈ er et al., , 1999 . Under these conditions the p53-associated exonuclease rapidly digested the input DNAs. The activity was stimulated by the presence of catalytically active hRad51. Although less pronounced, this eect was also observed with RecA protein, indicating that strand transfer activities were causing a stimulatory eect. In agreement with this, hRad51 had no eect on the removal of single-stranded or double-stranded substrate DNAs alone. Compatible with our DNAbinding data (DudenhoÈ er et al., 1998 ; this study), we could further show a substrate preference of p53 for arti®cial joint molecules versus ssDNAs in exonuclease assays using dierent substrate or competitor DNAs. This suggests that the enhancement of the p53-dependent exonuclease activity was, at least partially, caused by the hRad51-dependent generation of strand transfer intermediates and strengthens the idea of a regulatory role of p53 during homologous recombination events. It is not at present clear, whether p53 additionally interferes with strand exchange by Figure 3 Binding of hRad51 and wild-type p53 to 3-stranded junction DNAs. 32 P-labeled 3-stranded DNA substrates were applied to electrophoretic mobility shift assays with hRad51 and immunoanity puri®ed wild-type p53 as detailed in Materials and methods. The positions of substrate bands, of DNA complexes containing p53 or hRad51 oligomers, and of complexes with both p53 and hRad51 are indicated by schematic illustrations next to thin black arrows, thick grey arrows, and thick black arrows, respectively. (a) Labeled ssDNA (1s; lanes 1 ± 5) or 3-stranded junction DNA (3s; lanes 6 ± 10) were incubated with 66, 130, 260, and 520 nM hRad51 in the presence of 3 mM ATP and 5 mM MgCl 2 . (b) 3-stranded substrates were subjected to band-shift analyses applying p53 (5 nM; lanes 2, 4, 7), or/and hRad51 (66 nM; lanes 3 and 4, 6), or/and SSB protein (66 nM; lanes 5 ± 7) hRad51, which also would explain the inhibition of homologous recombination processes (WiesmuÈ ller et al., 1996; Bertrand et al., 1997; Mekeel et al., 1997; DudenhoÈ er et al., 1998) . The possibility exists that, after the initial strand exchange, p53 slows down the progression of branch migration. However, this remains to be determined in future experiments, utilizing extended DNA substrates to analyse both the initial strand invasion and the progression of branch migration in the presence of the auxiliary factors hRad52 and RPA.
p53 interacts with hRad51-nucleoproteins
Functional links between hRad51 and p53 in homologous recombination were formerly indicated by data demonstrating that Simian Virus 40 T-antigen elevates recombination frequencies by counteracting p53-dependent inhibition (WiesmuÈ ller et al., 1996) in a manner dependent on the expression of hRad51 (Xia et al., 1997) . The possibilities of stimulatory roles in end-joining processes have been discussed for both hRad51 (Baumann et al., 1996) and for p53 (Tang et al., 1999) . However, the enhancement of rejoining DNA DSBs by p53 appears to rely on the C-terminal nonspeci®c DNA-binding domain. In contrast, the DNA interacting residues and the conformational integrity within the core domain are required for the inhibition of homologous recombination processes and for the recognition of joint molecules by p53 (DudenhoÈ er et al., 1999) . This implies dierent mechanisms underlying the regulation of dierent types of DSB repair by p53.
The biochemical experiments reported here suggest that ternary hRad51-p53-DNA complexes exist at early stages of the strand transfer process during homologous recombination. In agreement with the observation that hRad51 forms coaggregates involving ssDNAs and the homologous duplexes during the strand transfer process (Baumann et al., 1996) , we showed that hRad51 stably interacts with a 3-stranded recombination intermediate comprising a¯exible junction/triplex region in the center and a de®ned heteroduplex terminus. Using these hRad51-DNA complexes preassembled on 3-stranded junction DNAs to mimic the catalytically active nucleoprotein ®la-ments during strand transfer, we observed p53 to stably interact with these complexes. Neither binding to recombination intermediates nor ternary complex formation was seen with the DNA contact mutant p53(273H) and with the conformational mutant p53(273P) [not shown] at protein concentrations sucient for wild-type p53. Beyond the capacity of p53 to recognize heteroduplex joints, ternary complex formation seems to involve interactions of p53 with hRad51-nucleoproteins, as was substantiated by the order of complex formation and by a defect seen even with high concentrations of the DNA contact mutant p53(273H). We propose that a p53 tetramer contacts A A B C Figure 4 Binding of hRad51 and p53(273H) to 3-stranded junction DNAs. Electrophoretic mobility shift assays were carried out under standard assay conditions (see Materials and methods). The positions of DNA substrates and of protein-DNA complexes are symbolized as in Figure 3 . (a) Immunopuri®ed preparations of wild-type p53 (wtp53) and of p53(273H) were compared at increasing protein concentrations, as indicated. (b) Binding studies with 3-stranded junction DNAs were performed for 30 min at room temperature in the presence of 3 mM ATP and 5 mM MgCl 2 . Wild-type p53 (wtp53) [5 nM; lanes 6 ± 8] and p53(273H) [5 nM; lanes 3 ± 5] were included into the mixtures either alone (lanes 3 and 6) or concomitantly with hRad51 (66 nM; lanes 5 and 8). In lanes 4 and 7 p53(273H) and wild-type p53, respectively, were added after a preincubation period with hRad51 and DNA. (c) 3-stranded DNA-binding assays were performed with talon-puri®ed p53 proteins and hRad51 in the presence of 3 mM ATP and 150 nM BSA. hRad51 was included at a constant concentration of 130 nM (lanes 2 ± 5, 7 ± 9, 11 ± 13). Mutant p53(273H) was added either at 6 nM (lanes 6 ± 9) or at 30 nM (lanes 10 ± 13, marked by a grey background). For orientation, protein-DNA complexes with wild-type p53 (3 nM) and hRad51 were loaded in lanes 3 ± 5. Where indicated (pre), complexes with hRad51, wild-type p53, or p53(273H) were preassembled on 3-stranded DNAs before the second protein was added for ternary complex formation. The white arrows mark the region, where residual complexes between p53(273H) and preassembled hRad51-nucleoproteins migrate within the gel p53 and hRad51 in recombination S Su Èûe et al the hRad51 ®lament next to the heteroduplex joint, which is in agreement with the ®nding that hRad51 cooperatively binds to ssDNA to execute strand invasion, thereby creating heteroduplex joints (Baumann et al., 1996) , which appear to be the major determinant for sequence-independent DNA binding by p53 (DudenhoÈ er et al., 1998) . Physical contacts between hRad51 and p53 may play a role in correctly positioning p53 at the newly formed heteroduplex joint during homologous recombination to support ®delity control. A similar type of synergistic interaction has been described for Mre11, a 3' ± 45' exonuclease, which is involved in the nonhomologous end-joining pathway, and which is stimulated by complex formation with Rad50 (Paull and Gellert, 1998). The oligomerization domain of p53 (Wang et al., 1993 (Wang et al., , 1994 ) is involved in even further heterologous protein-protein interactions (Wang et al., 1995; Leveillard et al., 1996; Schneider et al., 1998; Albor et al., 1998) , among these possibly also with the hRad51 complex partner BRCA1 Zhang et al., 1998) . C-terminally truncated p53, lacking this domain, cannot suppress homologous recombination events, but also cannot bind to 3-stranded DNA junctions in vitro (DudenhoÈ er et al., 1999). The p53 core domain was reported to comprise both regions (amino acids 94 to 160 and 264 to 315) necessary to physically contact hRad51 in vitro (Buchhop et al., 1997) . From this, we propose that protein-protein interactions between the p53 core and hRad51 may not be sucient for the regulation of homologous recombination processes. Rather, binding of recombination intermediates by p53 and possibly protein-protein interactions via C-terminal regions seem to be prerequisites.
Nucleolytic processing of recombination intermediates by p53 and its possible role
Our biochemical experiments with isolated protein and DNA components indicated that p53 protein performs exonuclease activity on the double-stranded termini of 3-stranded junction DNAs in a 3' ± 45' orientation. As was predicted from the DNA-binding anities of p53 (DudenhoÈ er et al., 1998 ; this study), degradation was faster, when p53 was encountering an A ± G mismatch within these speci®cally recognized structures. In mitotically growing cells with only a few recombination sites arising spontaneously (Bernstein and Bernstein, 1991) , the dierences between the exonucleolytic activities on match and mismatch heteroduplex DNA is expected to be even more pronounced as compared to the eect observed at the DNA concentrations, which were necessary for signal detection in vitro. Together with our data concerning the order of hRad51-p53-DNA complex formation, this suggests that during recombination p53 actively dissolves heteroduplexes comprising sequence divergences immediately following initial strand exchange by hRad51. It has been shown that Rad51-dependent strand transfer allows the incorporation of short mispairings (Cox 1997; Namsaraev and Berg, 2000) , so that mechanisms must exist to guarantee error-free recombinational repair. One such mechanism has been described to involve the MutS-homolog MSH2, the key element of eukaryotic postreplicative mismatch repair, which is also known to inhibit recombination between diverged sequences (reviewed in Modrich and Lahue, 1996) . In our previous study we have proposed that in vertebrates p53 might be part of a parallel pathway leading to high-®delity recombinational repair by complementary mismatch recognition (DudenhoÈ er et al., 1998) .
Reasoning that the preferred polarity of strand transfer by Rad51 in vitro is 5' ± 43' relative to the dsDNA (Sung and Robberson, 1995; Baumann et al., 1996; West, 1997, 1999; Berg, 1997, 2000) , it is dicult to reconcile the orientation of nucleolytic processing by p53 with a role in ®delity control by removal of the newly transferred strand. Nevertheless, hRad51-dependent strand transfer can proceed in either direction in vitro. In the cellular environment situations can be envisioned, which force hRad51 to start strand exchange at the 3'-end of DNA strands. Thus, when the replication fork hits a DNA lesion or a nick at a site undergoing excision or mismatch repair in the template strand, hRad51-mediated strand transfer might be biased towards the newly synthesized 3'-end to initiate recombinational repair utilizing the double-stranded sister DNA as the donor (Cox, 1997; Haber, 1999) . In yeast cells, 3' single-stranded ends prevail after processing of DSBs, and represent substrates for the single-stranded annealing (SSA) mechanism or invade a homologous donor sequence during gene conversion (Lin et al., 1984 (Lin et al., , 1990 White and Haber, 1990; Sun et al., 1991; Sugawara and Haber, 1992) . During these two major break repair pathways in S. cerevisiae 3'-ends of DSBs serve as primers for gap-®lling DNA-synthesis. Haber and colleagues (Paques and Sugawara et al., 1997) have shown that after invasion extended non-homologous 3'-ends are removed by the Rad1/ Rad10 endonuclease at the junction of the duplex DNA. This excision repair endonuclease is recruited by the mismatch repair proteins MSH2 and MSH3, which recognize the branched DNA structure. The removal of non-homologous 3'-tails shorter than 30 nucleotides relies on a dierent mechanism involving the proofreading activity of polymerase d (Paques and . Recently, DSB-induced gene conversion was shown to require both PCNA-associated DNA polymerases d and e, polymerase a, DNA primase, the 5' to 3'¯ap endo/exonuclease Rad27p, and the processivity factors PCNA and RFC (Holmes and Haber, 1999) . Others have postulated a role of p53 as a proofreading exonuclease for polymerase a from protein-protein interaction studies in vitro (KuÈ hn et al., 1998) and from replication assays on primer/ templates (Huang, 1998) . In this work, we observed that the same p53, which recognizes junction DNAs autonomously (DudenhoÈ er et al., 1998) , performs exonucleolytic degradation on 3-stranded junction DNAs in a 3' ± 45' orientation within the regions theoretically paired by hRad51. Therefore, p53 might function as a proofreader during gene conversion processes at the intersection of strand invasion and strand synthesis.
In summary, from the strand transfer, exonuclease, and binding studies discussed above, we propose that p53 and hRad51 execute their recombinational repair functions in close neighborhood to each other, and interact during or shortly after strand transfer possibly to facilitate the recognition of heteroduplexes by p53. According to our model of the mechanism leading to ®delity control of recombination processes by p53, recognition of recombinative DNA structures would be followed by the nucleolytic destruction of heteroduplexes encompassing base mispairings.
Implications of the cancer-related mutant p53(273H)
In this work, we demonstrate that among the biochemical activities of wild-type p53, which are likely to underly the regulation of recombination processes (DudenhoÈ er et al., 1998 (DudenhoÈ er et al., , 1999 , p53(273H) shows defects in all of them. Our biochemical experiments indicate an approximately 10-fold reduced capacity to recognize joint molecules and to exonucleolytically degrade DNA in a 3' ± 45' orientation. In the crystal structure arginine 273 was identi®ed as a residue which is critical for DNAbinding due to its involvement in electrostatic interactions with a phosphate group (Cho et al., 1994) . Despite structural similarities between the core domain of p53 and the catalytic domain of the AP repair endonuclease/Exonuclease III from E. coli (Mol et al., 1995) and despite the recent discovery of a second binding site for a divalent ion in p53 (Palecek et al., 1999) , it is still unclear how the catalytically active centre of p53 is created. From the 3-dimensional structures of nucleoside monophosphate kinases and G proteins it has become clear that arginines are required to stabilize the negative charges that develop during phosphoryl-transfer reactions (Schezek et al., 1998) . In the human AP endonuclease (HAP1) arginine 156 seems to stabilize the phosphate group 5' to the reactive phosphate (Gorman et al., 1997) . It is tempting to speculate on an analogous role of arginine 273 from p53 during the nucleolytic attack of DNA, which would explain the decelerated activities observed with p53(273H) beyond a mere defect in DNA-binding. From the fact that p53(273H) is recognized by the wild-type p53 conformation speci®c antibody PAb1620 (Ory et al., 1994) , it was unexpected to not only ®nd defective interactions with DNA but additionally with hRad51 nucleoproteins. Although the precise role of arginine 273 in these interactions remains to be elucidated, it can be envisioned that conformational changes of p53, which have been described to accompany DNAbinding, are a prerequisite for proper positioning of p53 next to hRad51 (Waterman et al., 1995; McLure and Lee, 1998) .
It was noticed before (Park et al., 1994; Hachiya et al., 1994; Kawamura et al., 1996; Prasad and Church, 1997) , that p53(273H), which represents the second most frequent p53 mutant in cancer, still displays biological properties of wild-type p53, such as sequence-speci®c transcriptional transactivation and growth modulation. Previously, we measured signi®cantly reduced recombination control activities for mutant p53(273H) (DudenhoÈ er et al., 1999) , which are predicted to allow the accumulation of genomic instabilities and thereby to contribute to the mutant's tumor promoting potential.
Materials and methods

Enzymes and other reagents
ATP was purchased from Boehringer Mannheim, BSA, restriction enzymes, and T4 polynucleotide kinase from New England Biolabs, terminal transferase from Stratagene and Gibco/BRL, exonuclease III from Boehringer, Mannheim, proteinase K from Sigma, [g-32 P]ATP and [ 3 H]TTP from the Institute of Isotopes, Budapest; synthetic oligonucleotides from MWG Biotech. RecA and SSB proteins from E. coli were obtained from Amersham-Pharmacia Biotech, stored at 7708C, and thawed at 48C. RecA was used on the same day, SSB within 2 weeks. Anity-puri®ed monoclonal antibody DO-1 was purchased from Oncogene Science, Cambridge, MA, USA. Among the protease inhibitors, aprotinin was from Bayer, leupeptin from Serva, pepstatin and pefabloc from Biomol.
Construction of recombinant baculovirus
To obtain recombinant baculovirus directing the expression of human wild-type p53 and p53(273H) with coding information for a His6 tag at the N-terminus, we cloned the corresponding cDNA sequences in frame into the multiple cloning site of pAcHLT-C (Pharmingen). DNA sequences encoding wild-type p53 originated from pC53 and pSV53her (DudenhoÈ er et al., 1999) . The pC53 intron was removed by replacement with the corresponding NcoIfragment from pSV53her, the resulting cDNA-sequence was veri®ed by sequencing, transferred into pUC-18 as an EcoRIrestriction fragment, and recloned into pRSETB (Invitrogen) via NcoI and BamHI, to allow the use of the restriction enzymes EcoRI and XmaI for cloning into pAcHLT-C. pAcHLT-C-p53(273H) was created by transferring the Bsu36I-StuI fragment encompassing the correspondingly mutated region from the vector pSV53(273H)her (DudenhoÈ ffer et al., 1999) into the pRSETB-p53 construct prior to cDNA insertion into pAcHLT-C by use of EcoRI and XmaI. Sf-9 insect cells were co-transfected with linearized BaculoGoldTM baculovirus DNA (Pharmingen) and either the construct pAcHLT-C-p53 or pAcHLT-C-p53(273H) using DOTAP lipofection agent from Boehringer, Mannheim, according to the manufacturers' recommendations. Recombinant baculoviruses were ampli®ed via repeated Sf-9 cell infections, p53 expression was veri®ed by Western analysis, and the resulting virus stocks were employed in protein expression experiments.
Overexpression and purification of proteins hRad51 hRad51 was overproduced from plasmid pFB530 (Benson et al., 1994) after transfection of the recA 7 E. coli strain BLR(DE3)pLysS (Novagen). Transgenic bacteria were cultured in 4 1 of Luria broth containing 50 mg/ml ampicillin, 25 mg/ml chloramphenicol, and 12.5 mg/ml tetracyclin. After bacteria had been harvested and lysed, hRad51 protein was puri®ed to apparent homogeneity via subsequent chromatography steps on DEAE-Biogel A (Bio-Rad), hydroxylapatite (Bio-Rad), and blue 4-agarose (Sigma) or A È KTA-puri®er coupled heparin sepharose (Amersham-Pharmacia), essentially as described (Benson et al., 1994; Baumann et al., 1996) . DEAE-fractions containing hRad51 were collected within the linear gradient at 0.4 M KCl, hydroxylapatitefractions at 0.3 M phosphate. Purity was checked on silverstained SDS-polyacrylamide gels, the absence of exonuclease contaminations was secured by exonuclease assays for individual fractions. Fractions containing the 38 kDa band were dialysed against hRad51 storage buer (20 mM HEPES [pH 7.5], 100 mM KOAc, 10% glycerol, 1 mM DTT). Protein concentrations were determined by densitometric analysis of the band intensities in Coomassie-stained SDS gels utilizing a BSA calibration curve on the same gel. hRad51 was not p53 and hRad51 in recombination S Su Èûe et al measurably contaminated by a helicase or a nuclease, as judged from the stability of 5'-32 P-end labeled single-stranded, duplex, and 3-stranded DNA substrates in the presence of 15 mM MgCl 2 and 3 mM ATP during a period of 1 ± 2 h at 378C. The presence of a 3'745' exonuclease was speci®cally excluded by incubations of hRad51 (20 nM) with 3'-3 H-end labeled poly(dA)´(dT) 20 -3 H-dT substrates over a period of 30 min at 378C (52% activity).
p53 p53 protein variants were overexpressed in High Five insect cells (Invitrogen) after infection with baculoviruses directing the expression of untagged or histidine-tagged wildtype p53 from human origin and of histidine-tagged human p53(273H). Insect cells were lysed as published (Janus et al., 1999b) . Subsequently, overexpressed p53 was separated from major contaminants via low salt precipitation at 125 mM NaCl. Where indicated, p53 proteins were puri®ed via anity binding of the N-terminal tag consisting of 6 histidines to talon TM metal resin from Clontech (Janus et al., 1999b) . For most assays, apparent homogeneity of p53 protein (598% pure) was achieved by an optimized protocol for PAb421-immunoanity puri®cation (Mummenbrauer et al., 1996) . The cleared lysate was loaded onto a 1 ml column of puri®ed PAb421 coupled to CNBR-activated Sepharose 4B-CL (Pharmacia). Immunoanity beads were subjected to a twostep washing procedure with, ®rstly, 30 mM potassium phosphate (pH 7.8), 0.1 M KCl, 0.1 mM EDTA, 1 mM DTT, and, secondly, 30 mM potassium phosphate (pH 7.8), 1 M KCl, 0.1 mM EDTA, 1 mM DTT, which elutes about 20% of bound p53 molecules. Pure p53 was obtained by elution with 30 mM potassium phosphate (pH 9.0), 1 M KCl, 0.1 mM EDTA, 0.1% lubrol, 10% glycerol, 1 mM DTT. p53 proteins were immediately dialysed against p53 storage buer (20 mM Tris/HCl [pH 7.5], 150 mM KCl, 10% glycerol, 1 mM DTT), stored at 48C, and applied to the analyses within 1 week. Protein concentrations were determined from the band intensities in Coomassie stained gels utilizing a BSA calibration curve and were calculated for the p53 tetramer. To precisely compare the protein amounts of pure wild-type p53 and pure p53(273H), we additionally performed Western transfer onto nitrocellulose membranes after SDS gel electrophoresis (DudenhoÈ er et al., 1999) . For the immunodetection of p53 protein on the nitrocellulose membrane monoclonal anti-p53 antibody DO-1 (Vojtesek et al., 1992) was used in combination with anti-mouse peroxidaseconjugated antibody (BioRad) and chemiluminescent enhancement (Pierce). Autoradiographies were subjected to PhosphorImager analysis (Fuji Photo Film Co.) , to quantify band intensities.
Strand exchange assay
Preparation of 5'-terminally labeled DNA substrates for strand exchange reactions Strand exchange substrates encompassed SV40-sequences at the SV40-tsVP1(286S) locus (DudenhoÈ er et al., 1998) . The 67-mer oligonucleotide 1 5'-ACCGCTTT-CTAAGGGT AATTTTAAAATATC TGGGAAGTCCC TT-CCACTGCTGTGTTCAGAAGTGTT-3' was 5'-labeled with g-32 P-ATP using T4 polynucleotide kinase. 32 P-labeled and unlabeled homologous duplex DNAs were generated by hybridizing labeled and unlabeled oligo 1, respectively, with the complementary 67-mer oligo 2 5'-AACACTTCTGGAA-CACAGCAGTGGAAGGGACTTCCCAGATATTTTAAA-ATTACCCTAGAAAGCGGT-3' by heating to 608C for 10 min followed by cooling to 08C in 10 mM Tris-HCl (pH 7.5), 100 mM NaCl, 2 mM DTT. Substrates were separated from unincorporated [g-32 P]ATP and unpaired ssDNA by native gel electrophoresis in a TBE (89 mM TrisHCl [pH 8.3] , 89 mM boric acid, 2.5 mM EDTA)-buered 12% polyacrylamide gel, identi®ed by autoradiography, and eluted from crushed gel pieces under agitation at 48C in 10 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM EDTA, 2 mM DTT. The concentrations of the puri®ed DNA substrates were determined by Dipstick measurements (Invitrogen) combined with scintillation counting.
Strand exchange monitored by electrophoresis For strand exchange assays 20 nM hRad51 were preincubated for 10 min at 378C with the labeled or unlabeled oligonucleotide 1 in a reaction mixture (20 ml ®nal volume) containing 22.5 mM Tris-HCl (pH 7.4), 15 mM MgCl 2 , 3 mM ATP, 2 mM DTT, 80 nM BSA, and 1 ± 30 nM of human p53 variants or the equivalent volume of p53 storage buer. hRad51 was replaced by equivalent volumes of hRad51 storage buer in negative controls, by 250 ± 1000 nM RecA or by 250 nM SSB, as indicated. The reaction was started by the addition of the unlabeled or labeled homologous duplex, and the incubation was continued for the indicated times at 378C. Four nM unlabeled oligonucleotide 1 (270 nM de®ned in nucleotides) and 0.4 nM 32 P-end labeled homologous duplex DNA (50 nM de®ned in nucleotides) were used for the reaction monitoring the release of labeled ssDNA. 0.4 nM 32 P-end labeled oligonucleotide 1 (30 nM de®ned in nucleotides) and 0.4 nM unlabeled homologous duplex DNA (50 nM de®ned in nucleotides) were used for the reaction monitoring the formation of labeled dsDNA. In control reactions the addition of an unlabeled second DNA species was omitted. The reaction was terminated and the DNA deproteinized by the addition of one eighth volume stop solution (200 mM EDTA [pH 8.0], 2% SDS, 5 mg/ml proteinase K), and further incubated at 378C for 10 min. Samples were supplemented with gel loading buer bringing the mixture to a ®nal concentration of 0.1% bromophenol blue and 13% glycerol and then immediately electrophoresed on a native TBE-buered 10 ± 12% polyacrylamide gel at 10 V/cm for 2 ± 3 h at room temperature. Quanti®cation of the enzymatic rates and the corresponding standard deviation for strand exchange or for exonucleolytic removal of substrate DNA was achieved by PhosphorImager analysis of the dried gels.
Analysis of DNA complex formation
Preparation of 5'-terminally labeled single-stranded and 3-stranded DNA substrates 3-stranded junction DNAs mimicking recombination intermediates at the SV40-tsVP1(286S) locus (DudenhoÈ er et al., 1998) were produced by simultaneous hybridization of the 66-mer`top'-oligonucleotide 5'-GACGCTGCCGAATGGATCCGGTTAAAGG-GTAATTTTAAA ATATCTGGGAAGTCCCTTCCACTG-CTG-3', the 66-mer`central'-oligo 5'-GCAGTGGAAGG-GACTTCCCAGA TATTTTAAAATTA CCCTTAGAAAG-CGGTCTGTGAAAAACCCCTA-3, and the 64-mer`bottom'-oligo 5'-GGGGTTTTTCACAGACCGCTTTCTAAG-GGTAATTTTA AAGCTGTCTAGAGGA TCCGACTATC-GA-3' as described for strand exchange substrate DNAs. For the production of 3-stranded substrate with an A ± G mismatch within the heteroduplex region 19 nucleotides upstream of the`top'-oligo 3'-terminus, the`central'-oligo was substituted by the 66-mer`A ± G central'-oligo 5'-GCAGTGGAAGGGACTTACCAGATATTTTAAAATTA-CCCTTAGAAAGCGGTCTGTGAAAAACCCCTA-3 (mispairing base underlined). Prior to annealing`top'-oligonucleotide was 5'-labeled with g-32 P-ATP using T4 polynucleotide kinase. Labeled 3-stranded DNAs and labeled single-stranded`top'-oligonucleotide were separated from unincorporated nucleotides and ssDNA and dsDNA species by native gel electrophoresis in a TBE-buered 6% polyacrylamide gel as described for strand exchange substrates.
Monitoring DNA-binding by gel electrophoresis The standard reaction mixture for electrophoretic mobility shift assays with a total reaction volume of 20 ml contained 50 pM 32 Plabeled junction DNA (10 000 c.p.m; 10 nM de®ned in nucleotides), 25 mM Tris-HCl (pH 8.0), 5 mM EDTA, 1 mM DTT, 6% glycerol. Where indicated, assay conditions were modi®ed by the inclusion of 3 mM ATP and 5 mM MgCl 2 and by the concomitant omission of EDTA. hRad51 (66 ± 530 nM), wild-type p53 (1 ± 5 nM), and p53(273H) [1 ± 30 nM], from human origin, SSB (66 nM) from E. coli, and BSA (150 nM) were added as indicated, and were substituted by equal volumes of the corresponding buers in controls lacking the respective proteins. After the addition of labeled DNA the mixtures were incubated for 30 min on ice or at room temperature, to allow binding, and subsequently electrophoresed at room temperature on a native polyacrylamide gel in 6.7 mM Tris-HCl (pH 8.0), 3.3 mM sodium acetate, 2 mM EDTA. Gels dried on ®lter papers were either autoradiographed or directly subjected to PhosphorImager analysis (Fuji Photo Film Co.), to quantify band intensities. Apparent equilibrium dissociation constants, K D values, were calculated from Scatchard plots of data obtained with constant protein amounts and varying concentrations of 3-stranded junction DNAs as detailed in DudenhoÈ er et al., 1998. For experiments designed to analyse the formation of ternary protein-protein-DNA complexes, we either coincubated hRad51 and p53 with 3-stranded DNA junctions or allowed preassembly of protein-DNA complexes for 30 min on ice, and continued the incubation after adding the second protein component.
Exonuclease assays
Preparation of 3'-terminally labeled substrates For the preparation of 3 H-labeled substrates (dT) 20 at 2.5 mM (3'-ends) was incubated with 25 mCi [ 3 H]dTTP in 100 ml reaction buer consisting of 100 mM potassium cacodylate (pH 7.0), 1 mM CoCl 2 , and 0.2 mM DTT (Grosse and Manns, 1993) . The reaction was started by the addition of 50 U terminal transferase; incubation was for 30 min at 308C. After heatinactivation for 10 min at 658C, 5 A 260 poly(dA) were added and the reaction mixture was allowed to slowly cool down to room temperature. The labeled product was pipetted onto the hydrophilic side of a microdialysis membrane (Type VS, pore size 0.025 mm, Millipore, Eschborn, FRG) and dialysed against 20 ml 10 mM Tris-HCl (pH 8.0), 0.1 mM EDTA for at least 2 h at room temperature. This step removed unincorporated dNTPs and the reaction buer. 3' 32 P-end labeling of`top'-oligonucleotide was performed with terminal transferase and [a-32 P]dATP. 3-stranded junction DNAs comprising 3' 32 P-end labeled`top'-oligonucleotide were prepared according to the procedure described for 5' 32 Pend labeled`top'-oligonucleotide (see Analysis of DNA complex formation).
Measurement of 3'745' exonuclease activity by ®lter binding assays The 3' to 5' exonuclease activity was assayed by measuring the loss of 3'-labeled nucleotides after incubation with enzyme. The reaction mixture (25 ml) contained 20 mM Tris-HCl (pH 8.5), 10 mM MgCl 2 , 20 mM KCl, 1 mM DTT, and approximately 50 nM (tritiated 3'-ends) of labeled poly(dA)´(dT) 20 -3 H-dT. The reaction was started by the addition of the indicated amounts of wild-type p53 and performed for up to 30 min at 378C. The exonuclease activity of exonuclease III served as a positive control. The mixture was spotted onto DE81 ®lters (Whatman, Maidstone, UK), the ®lters were washed with 0.5 M (NH 4 )HCO 3 (2.5 ml, two times), with 95% ethanol (5 ml), and then dried under infrared light. Radioactivity that remained on the ®lters was measured by liquid scintillation counting and served as an inverse indicator of exonuclease activity. For the determination of DNA substrate preferences we measured the decrease of radioactivity with time under standard reaction conditions in the presence or absence of ssDNA or 3-stranded competitor DNAs at a starting concentration of approximately 50 nM (3'-ends) and wild-type p53 at 10 nM. The inhibitory factors were calculated from the initial rates of the reaction. Unlabeled 3-stranded junction DNAs were prepared according to the procedure for 32 P-labeled DNAs (see Analysis of DNA complex formation) and were separated from other DNA species by native gel electrophoresis using 32 P-labeled 3-stranded marker DNA to identify the position in the gel.
Analysis of exonuclease activity by gel electrophoresis Preparation of 5' 32 P-end labeled DNA substrates was done as described under Analysis of DNA complex formation. For the visualization of the exonucleolytic cleavage pattern reactions were performed with 5'-32 P-end labeled`top'-oligonucleotide or 3-stranded junction DNAs comprising 5'-32 P-or 3'-32 P-end labeled`top'-oligonucleotide at concentrations of 1 ± 2 nM. Incubations at 378C lasted up to 30 min in 20 mM Tris-HCl (pH 8.5), 10 mM MgCl 2 , 20 mM KCl, 1 mM DTT, and p53 at the indicated concentrations. Reaction products were analysed after electrophoresis in a 15% polyacrylamide gel containing 7 M urea.
Quantitative analysis of exonuclease activities were carried out with 50 pM 5'-32 P 3-stranded junction DNAs in 25 mM Tris-HCl (pH 8.0), 3 mM ATP, 5 mM MgCl 2 , 1 mM DTT, 6% glycerol, and were incubated together with 1 ± 2 nM wildtype p53 or p53(273H) for 30 ± 60 min at room temperature resulting in 560% substrate removal. The reaction products were deproteinized by proteinase K and subjected to 4% polyacrylamide gel electrophoresis (6.7 mM Tris-HCl [pH 8.0], 3.3 mM sodium acetate, 2 mM EDTA). Dried gels were autoradiographed and evaluated quantitatively by a PhosphorImager.
